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REVIEW OF ACCOMPLISHMENTS

The axial properties of carbon fibers were found to
correlate well with preferred orientations determined
by either x-ray diffraction or optical techniques.

High modulus carbon fibers were found to have significant
gradients in preferred orientation. For HMS fiber, the
modulus of the surface layers is about twice the average
fibers modulus, while the interior modulus is only about
one-half the average. This modulus gradient sugppests
that higher modulus fibers, with good strength, could be
produced, if the modulus at the interior of these fibers
could be increased.

The gradient in preferred orientation produces high residual
stresses in HMS fibers. While the high surface compressive
stresses minimize the effect of surface flaws, the high
axial tensile stresses in the interior may decreasc strength
by causing fracture to initiate at flaws in the interior
rather than at the surface. Similarly, the high axial
compressive stressed outer layers of a fiber may initiate
buckling when the fiber is compressively loaded. Modifications
of the residual stress pattern might allow increased tensile
and/or compressive strengths to be obtained in high modulus
carbon fibers.

Many correlations between properties and fiber diameter,
reported in the past, may be in error because it is very
difficult to determine the fiber diameter precisely and

accurately.
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I. INTRODUCTION

The axial properties of carbon fibers such as modulus, coefficient
of thermal expansion, and strength, are easily measured in the as-received

state. However, large changes in the fiber properties can occur during

ey e —— o

processing of carbon/carbon composites, and the fiber properties in the
finished carbon/carbon composite are not easily determined.

Two methods of measuring preferred orientation on carbon fibers in
finished carbon/carbon composites could be used with crystal properties

to correlate with the axial properties:

(1) X-ray diffraction
(2) Optical.
While x-ray diffraction has been used for more than a decade to
measure preferred orientation in carbon fibers, it is often limited by
the requirement to use a bundle of fibers to obtain the necessary intensity

and, in any case, it averages the preferred orientation throughout the

fibers.
1
A major advantage of x-ray diffraction is that the intensity from a '
diffracting plane drops drastically for slight misorientations. Hence,

the corrected intensity plot accurately describes the exact orientation
position of the basal planes within the fiber. This makes the method {
very sensitive to small changes in the actual distribution (shape of the
curve).

Quantitative optical microscopy has been used as a second technique

for determining preferred orientation. The optical activity is observed ]
using light reflected off a polished fiber sample. Information is required

on both axial and transverse microstructure, and this is most easily i

obtained from a low angle oblique section. Preferred orientations on areas .




2
as small as 1l can be measured, and the variation can be measured across
the fiber diameter. Hence, changes in modulus across a fiber can be

determined. However, optical activity is not sensitive to small tilts

in basal planes in the plane of the polished surface. Therefore, two

samples could have identical optical activity, but different x-ray preferred

orientations and physical properties such as modulus. ’ J
Optical studies indicate a gradient in preferred orientation across i;

the fiber diameter, and residual stresses should be present which may alter |

the strength of a brittle material such as a carbon fiber. The small effect
of surface abrasion on the strength of high modulus carbon fibers also

suggests compressive axial residual stresses at the fiber surface. Hence,

studies were also performed to determine residual stress in carbon fibers. '

II. EXPERIMENTAL

(A) X-ray diffraction

(1) Technique
A bundle of fibers was attached to an annular type samplc ]
holder so that they covered the center hole of the annulus. The fibers
were kept nearly parallel by dipping them in acetone and allowing the
capillasy action to draw the fibers together. The acetone also reacted
with a thin film of acetone plastic on the surface of the sample holder
! and fiber arrangement is shown in Figure 1. The sample holder was rotated ;

(in the '"¢'" direction) by a clock motor to determine preferred orientation.
p

c—————

The holder was placed in the diffractometer so that the axis of rotation
in the plane was determined by the incident and diffracted beam,

diffractometer plane, as in Figure 2. The axis of rotation was also kept

at an angle of 6 degree to the incoming beam. The specimen was then
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Figure 1. The Samplée holder used to rotate the carbon fibers in the
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positioned for a ¢ intensity maximum Ly making the bundle axis perpendicular
to the diffractometer plane. The 20 scans were then made to determine the
values at which 26 should be set for the ¢ scans. With 28 property set,
the intensity of the 0002 peak in the ¢ scans was a maximum. The actual
figures in reciprocal space were measured with a Norelco diffruactomcter
and x-ray unit fitted with a copper Ka radiation source. The diffractometer
provided the usual 28 scun with a proportional counter as a detector. The
specially designed and constructed rotation stage was used to enable the
¢ direction to be scanned. The output data took the form of strip charts
which were plots of intensity versus ¢ or 26, as shown in Figure 3.

(2) Corrections

We must make corrections for crystallite size and other

factors which affected the shape of the 0002 diffraction arcs. The width
of the peak in the ¢ direction is contributed by the following:

i) Preferred orientation of the basal planes with respect
to the fiber axis of the graphite crystallite within

the fibers.

ii) Orientation of the sample fibers in the plane of the

sample holder.

iii) Crystallite size of the graphite crystallites in

the 1000 direction or La.

iv) Pure instrument broadening from the geometry of the

diffractometer.
(B) Optical microscopy
(1) Metallographic preparation
Fibers were mounted in epoxy in two ways: perpendicular
and parallel to the final polished surface. Then, the samples were

polished to get end cross scctions and longitudinal sections.
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(2) Measurement
These measurcements were determined with a Leitz MPV
system which can measure light from a small region. Preferred
orientations on fiber areas as small as lu2 can be measured, and this |

allows the variation in preferred orientation across a fiber to be

& determined.

{C) Residual stress measurements

(1) Removal of surface layers

The surface layers of carbon fibers were successfully
removed by gaseous oxidation or ion milling. For air oxidation, the
fibers were cleaned with THF (tetra-hydrofuran) in an ultrasonic cleaner.
The cleaned fibers were then dried, and placed into furnace for
oxidation at 580°C, 630°C, 680°C, 730°C and 760°C for different periods
of time from 10 minutes to 3 hours. Fibers to be ion thinned were mounted '
onto a metal washer which was fastened to the stage of ion milling apparatus. H
The stage rotated between two opposed sputtering guns operating at 6000V
and 50 pa which permitted more uniform sputtering of the fibers. The '
fibers were thinned to different reduced diameters by varying the lengths A
of furnace or sputtering time. ;

(2) Measurement of modulus gradient
Fibers (2.5 cm gauge length) were mounted individually for

mechanical testing and a segment of the fiber was saved for diameter ]

measurement. A compliance correction for the tensile tester was used

in the modulus determinations, but is 10% or less in magnitude.

(3) Measurement of residual strain
A technique was developed to measure contraction of fiber
segments less than 0.5 cm in length. A reference fiber was mounted

straight and a specimen fiber was mounted in a circular arc on a washer

T T SIS RINAIIEL PT P Oy [TY AT Y rep i Ry
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as shown in Figure 4a. Both fibers were then sputtered and the contraction

of the specimen fiber was measured, Figure 4b. As compressive surface

} layers were removed during sputtering, the fiber shrank. The straight C

reference fiber naturally remained stationary. lowever,the arced fiber

drew away from the rcference fiber as the arced fiber contracted. The

T TTY

measurement of separation distance between the reference fiber and the
arced fiber was an indirect measurement of the strain within the specimen !

fiber.

I[1I. RESULTS AND DISCUSSION

(A) X-ray diffraction and preferred orientation

(1) Theory

In 1956, Bacon1 developed a technique to measure the
"anisotropy factor" and to estimate the degree of preferred orientation
in graphite. He then related preferred orientation to the mechanical
properties of graphite prepared by extrusion and pressing. Ruland2
rotated fiber samples in the ¢ direction and measured the x-ray diffraction
intensity variation of the (0002) peak along this ¢ direction to get a
texture parameter function, g(¢). This function can be used
‘into the equation he developed to estimate the modulus in the direction
of the fiber axis. Butler3 used the same method to measure the preferred
orientation for several commercial carbon fibers and suggested the

parameter, ¢%, which is the width at half-maximum peak height of the T

0002

versus ¢ distribution curve, can be used to estimate the preferred

orientation within the fiber.
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(2} Results

The modulii of carbon fibers versus half-width follow

along two curves, Figure 5. In one set, for fibers heated to high

temperatures, there is a lower modulus for a given preferred orientation,

g ———— -

In the second sct, fibers are heated to lower heat-trecatment temperatures
and the larger the difference from the first curve, the lower the heat- L
treatment temperature. This deviation is probably caused by the increase
in basal plane shear modulus at lower heat-treatment temperature. In

either case, there is a correlation, and for high heat-treatment temper-

atures, such as used in carbon/carbons, the relationship can be assumed

to follow the lower curve.

A similar plot, Figure 6, using the texture parameter

illustrates again that high heat-treatment temperature results in a lower

modulus for a given preferred orientation. The agrecement for high-temper- {
ature heat-treated fibers and calculated values based on constant stress,
graphite single crystal clastic constants, and the texture parameter is
excellent. Deviation for lower temperatures heat-treatment fibers can
be explained again by an increase in shear modulus.
The observed x-ray intensity is often well fitted by the
texture parameter as shown by the HTS fibers and most others, Figure 7.
liowever, for some fibers, notably the Fortifil T series, significant .
deviation occurs and would require numerical evaluation for proper

estimation of modulus.
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{3) Comment on previous work

(i) No matter what kind of fibers theyv are, the

higher the preferred orientation, the hipher

the modulus.

(i1) At ¢ = 0° only small fractions of the fibers

b
"
|

have been diffracted so the intensity received
is a little too low. That means actual preferred .

orientation for the fibers is much higher.

DIFFRACTION
AREA -

:
\ —1 ©$) corracted

—— e o - - —

()

Schermatic of small fractions diffracted by x-ray

diftraction,




(B} Optical microscopy and preferred orientation
(1) Theory
Optical preferred orientation measurements can be made
using three main techniques:

(i) Polarizer only

e T

I
> 2
TB = -};—(r2 + s7) + % (r~ - 52) cos 20
0 2 2
I 2
s Lo |
MIN s”

Only a polarizer is used, and the sample itself

behaves as the analyser. (r2 and 52 are the reflectivities parallel

. PRPTS

and perpendicular in the highest and lowest directions.) If the ratio
of maximum light intensity to minimum is determined, the dependence on the

incident light is eliminated. lowever, the range of 1

/1 is only i

MAX

from 1 for isotropic to about 2.8 for fully oriented graphite. It is

MIN

also insensitive to the high preferred orientations in fibers, but would
i ' be excellent for low preferred orientation materials.
The general case for a polarizer with an analyser

at a is shown below:

2

2 2 2 .2 2
{(r" cos™@ - 8" sin"Q)" +

[T

(r2 cos 0 + 52 sinzo) +

|
o —

o}
N
9

4r” s” cos” (y-68) cos” 0 sin” 0} cos 2 (m-ao)

2rs cos O sin ©

tan 2 a = 3 > 5% cos (y-9)
r cos 0O - s sin ©




(1i) Crossed polars

1 1 2 2
— = ={r" + s” - 2rs cos (y-8)}+(1 - cos 40)
I 8
0
I I
LI D
0 0

The sensitivity is higher, but incident intensity
must be kept constant. Experimentally, the sample area and optics must
also be kept constant, which is not convenient.

(iii) Apparent rotation angle ”AR”

The stage is rotated to give maximum light intensity
with crossed polars (basal planes at 45° with respect to polarizer and
analyser), Figure 8, and then the analyser is rotated to give minimum
intensity, as shown in Figure 9. The value of the angle, AR’ at the

minimum intensity describes the preferred orientation.

(2) Results using apparent rotation

The value of the rotation angle

describes the preferred orientation, Figure 10.
quite broad, the curve is a sin wave and can be

all the experimental data. Incidentally, these

angle.

at the minimum intensity
Although the minimum is
evaluated by curve fitting

measurements were determined

with a photomultiplier limited to measuring light from a uniform small

region. Earlier, visual estimates of AR had been made with surprisingly

similar results considering the broad minimum.

However, the cye compares

the local region of interest with the surroundings, and the effect the

cye would generally sce is shown in Figure 11,

1
area

vs. Analyser Angle

T o
surroundings




FIGURE 8: Schematic of specimen resting on microscope stage.




FIGURE 9:

Vectorial light analysis diagram.
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FIGURE 11:
HIGH MODULUS CARBON FIBER (MI) CENTER

PATIO OF INTENSITY REFLECTED FROM FIBER
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As can be scen for several high modulus fibers, the
apparent minimum is sharp, uand visual determinations of approximate

rotation angles are precisc.

(C) Comparison of preierred oricentations determined by the
x-ray diffraction and optical microscopy

A correlation between modulus and preferred orientation
obtained from both the x-ray diffraction method and the optical microscopy
method is shown in Figure 12. Both curves have the same trend, that is,

the higher the preferred orientation (AP or l) the higher the modulus.
\ L

v 6
10 <412
a
No 10 :
"D 185
o nt
2 da
42
0 | ] 1 1 0
0 20 40 60 80
MODULUS (MSH)
FIGURE 12

While the correlations for either method are not perfect,
estimates of modulus could be made by either method.
(D) Residual stress
The optical activity observed in carbon fibers is a function
of crystallinc optical anisotropy and residual stress. The results

described below were obtained to detcrmine the importance of residual

stress on optical measurements and also to access the effect residual i

stress might have on mechanical propertics.

__,__\_-,_,_,._-A




(1) Modulus vs, diameter relationship for as received
carbon fibers

Figure 13 shows the relationship between modulus and

HMS fiber diameters. Thin fibers apparently exhibit higher values of

modulus than thick fibers. These results are similar to the work of

4
Jones and Duncan .

C e ———

(4) Error analysis of diamecter measurement

(i} The diamecters used in Figure 13 were measured i
from the edges of ecach fiber used in the tensile w

tests. A histogram is shown in Figure 14.

{(ii) A bundlec of fibers were mounted vertically

H in epoxy, then the diameter was measured with

a fillar eyepiece (625X), Figure 15.
X =7.8ly, s =0.31, n =253

(iii) The same sample used in (ii)} was analyzed using a
Bausch § Lomb FAS-2 Image analyser, Fig. 106, to
count the corresponding diameter of each fiber. { -
The histogram is shown in Figure 17. !

X = 7.74y, S, = 0.52, n =53 ;

(iv) The diamcter of a single 1IMS fiber was measured i
using a fillar eyepicce (625X) with random ;
position rotation of the stage and fillar eye-
picce vicwer. A histogram is shown in Figure 18. 1

X = 8.25, s =0.25, n =5§

(v) The samc sample as (iv) was observed with oil

imuersion (1562.5X). A histogram is shown

in Figure 19. '
XN = 8.37u, s =0.11, n =50

{vi) ‘The variance in (iv) is only determined by
measurement errors while the variance in .
(ii) is a combination of both sample variance \

and measurement errors.  Since the sample and

measurement variances should be independent of “




FIGURE 13

Modulus vs. diameter for original fibers.
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FIGURE 1.4

Histoeram of diaweter for original fiber
with L‘dgt‘.
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FIGURE 15: i

Histogram of diameter for original fiber
with cross-section (625X} fillar eyepicce.
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FIGURE 16: Image Analyzer Systen.




FIGURE 17:

Histogram o1 diameter for original fiber
measured with Image Analyzer,
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FTIGURE 18:

Histogram of diameter of sinple fiber measured
with cross-section (625X) fillar eyvepicce.
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FIGURE 19
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Histopram of diameter of single fiber

measurcd cross-scection (1562.5) oil

immersion.
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cach other over the ranges studied:

2 2 2 ‘
S = S+ 8§ =
o m ) T
- i

where ST is the overall variance observed
in (11) or (iv)

e ——————

>
S; variance Jduc to measurement
2
Sq rariance Jdue to samples
‘ ¥
For casc (iv), where the sample variance is ;
Z2CeYr0:
~ ol o]
§” = 8§ = 257 -
0 m

and substitutine this estimate of variance into

case (it):

al ol ‘2
! ST = 8§ + §7
0 m s
2 D i i
317 = 257 + ST
s
S = .18

lience, the sample standard deviation is less
than the standard deviation due to measurement

) CTTOTS.
The measurement deviations mainly consist of two

parts which again are independent:

2 2 2
S = §” + S
m r I
' Sr = variance from rcading the vernier
SC = variance from setting the cross hair on

the edge of fiber
Increasing the magnification will give larper differences in the vernier
rcadings which decreases the value of Sr while SO may stay constant.

' llowever, oil immersion increases contrast bhetween fiber and matrix
and improves resolution— so SC decreases.  Comparison of (iv) and (v) ;

shows marked decrecase in standard deviation in measurement crrors when
. 4

using an oil immersion objective at 1500X magnification.




Image analysis results (iii) had a much larger
deviation of S = 0.52, but this was mainly caused by a low pixel count.
Much higher magnification, to S000X would decrease the standard deviation
to about .2. This is not any better than direct optical measurement and
also does not save time. Many times fiber diameters are measured by laving
the fiber on its side. This would allow an average estimate of the width
to be made from the area, and would be more accurate as the area is
larger. However, the focus is critical as the fiber is not a planar
surface. For filar measurcments, the standard deviation was found to he
significantly higher (S ~ .45), and more importantly, the average diameter
was about 10% lower than determined by cross-sectional experiments. This
average diameter difference is due to the fact that a focus error on the
longitudinal fiber can be recorded as a smaller diameter. lHowever, it
should be rcalized that this error from mcasuring fiber diameters on their
side results in an over-estimation of fiber strength and modulus of about
20%.

(b) ELrror analysis of slope measurcment

A Bascom-Turner 8010 Recorder was connected to the
tensile tester to plot o versus €. The same fiber was loaded 10 times,
averaged, the curve smoothed and differentiated to get the slope of the
o-¢ curve, i.c. modulus, as shown in Figure 20. There are two distinct
slopes along the o-¢ curve.s Hience, care must be excrcised to measure
the same slope, when comparing different fibers. In particular, modulii
would be significantly lower for lower strength fibers as the initial
modulus would be emphasized. The correlation between strength and modulus

for fibers obtained from a single batch may be artifact becanse of this

effect and a common fiber diameter measurcment error.
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(c) Thought experiment: measurement errors and
modulus or strength/diameter relationships,

(1) Suppose we have a tow of fibers with constunt

diameter and constant modulus fibers.  What
etffect would measurement errors in diareter

give? From the crror analysis, it is known

that cven with the oil immersion method at
1500X, the standard deviation is 0.1, that is

about 70% of the fibers will have + 0.1 error

in diameter. This error in diameter mcasurement
is enough to produce a trend in modulus vs.
diameter plots, i.c., the smaller the diameter,
the larger the modulus. If the fiber diameters
are allowed to vary, and the estimates of fiber
diameter standard deviation and measurement
standard deviation are used from section

ITID(1) (a){(vi), the trend of observed modulus
versus diameter (areca) for Fortifil 5Y (also
Courtelle PAN precursor) is correctly predicted

assuming a constant modulus for all fibers, TFig. 21.
(2) Modulus vs. diameter for air-cxidized fibers
Bundles of fibers were oxidized in air at different
temperatures for various periods of time. The fibers were examined using
SEM for uniformity of oxidation. Although the etching was observed to be
non-uniform for some times and temperatures, results of modulus vs, diamcter
are shown in Figure 22 for all groups of fibers oxidized. While each group '
showed an incrcase in modulus with decrcasing diameter, the group average
modulus decreased with decrcasing diamcter. llence, as the average diameter
becomes smaller as the oxidation time incrcases the smialler the modulus

becomes. Therefore, a modulus gradient exists with the outside of the

fiber having a higher modulus than the inside of the fiber. Although the
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FIGURE 22: Modulus vs. diameter for oxidized fibers.
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scatter is high for this raw data, it can be significantly reduced. If
by chance the diameters of fibers selected for mechanical testing are
smaller than the bundle average, the observed modulus will be high. By
assuming an average slope exists for modulus versus diameter within a

toup, the modulus can be normalized for the true average diameter.
£

. T———— e e

(3) Strain results
Using ion sputtering to thin fibers, the contraction of i
|
fibers was measured using SEM (Figure 23). An unmeasured error, which ‘

involves the ellipticity in fiber cross-section and which may develop

with ion thinning, may affect the accuracy of this experiment. Neverthe- |
less, the fiber is observed to contract as the outer surface is sputtered
away.

(4) Residual stress

RS PRSI

Once the local modulus and local strain have been established,
the residual stress within carbon fibers is the product of modulus and strain
at each location within the fiber (Figure 24). Details on calculations for
converting average modulii and strains to local modulii and strains is
covered in Reference 6. The calculated compressive stress at the surface
is very high. Although the actual magnitude of the residual stress may be

significantly in error because of the strain measurements, especially near

the fiber surface, the fiber does appear to have sufficiently high residual )

stresses to affect fiber strength. P

IV. CONCLUSTONS
(1) Preferred Orientation either expressed by Ws or AR can be
related to axial properties of fibers. For no matter what kind of fibers,

the higher the preferrcd orientation, the higher the modulus.

(2) Many correlations between praopertics and fiber diameter reported

in the past may be in error because it is very difficult to determine the
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FIGURE 23 - Contraction of a HMS carbon fiber as a function of
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by ion thinning.
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diameter of the fiber accurately.

{3) The small effect of surface abrasion on the strength of high

modulus carbon fibers suggests compressive axial residual stresses at the
fiber surface. This was confirmed by finding high residual stresses in

1IMS fiber.

(4) For a high modulus PAN precursor fiber (llercules HMS), the

modulus was found to be significantly higher at the fiber surface than

in the center.

REFERENCES

1. Bacon, G. E., "Method for Determination of Degree of Orientation
of Graphite", J. Appl. Chem., 6, 477, Nov. (1956). ,

9

Ruland, W., "X-ray Studics of Preferred Orientation in Carbon Fibers',
J. Appl. Physics, 38, 3585, (1907).

3. Butler, B. L., "The Effects of Carbon Fiber Microstructures on the
Shear Strength of Carbon Epoxy Composites', Ph.D. Thesis, RPI, (1969).

i 4. Jones, B. F., and Duncan, R. G., "The Effcct of Fiber Diameter on the
Mechanical Properties of Graphite Fibers Manufactured TFrom Polyacrylonitrile
and Rayon", J. Mat. Sci., 6, 289, (1971).

5. Curtis, G. J., Milne, J. M., and Reynolds, W. N., "Non-liookian Behavior
of Strong Carbon Fibers', Nature, Vol. 220, 1024, (1968).

6. Stevens, W. C., Wang, J. l. and Diefendorf, R. J., "Residual Stress in
HHigh Modulus Carbon Fibers', Carbon '80, pp. 598-602, Deutchen
' Keramischen Gesellschaft, Bad Honnef, W. Germany.

-




RESIDUAL STRESS IN HIGH MODULUS CARBON FIBERS

W. C. Stevens, J. H. Wanp* and R. J. Diefendorf
Rensselaer Polytechnic Institute, Trov, New York, 12181, U.S5.A.

Microstructural studies and the small effect of surface abrasion on the strength of
carbon fibers sugpent comproessive residual stresses at the fiber surface. A aualitative
confirmation ol these stresses was obtadned by noting fiber curvature when one side ot g
hiph modulus carbon tiber was don milled away. Quantitative data on residual stresses
were caleulated from modalus and residual strafn distributions, which were obtained Ly
scelectively oxidiaine robers to ditterent diameters.  The mupnitude of the axiusl conjres-
sive residual stress at the surface of HMS riber is several CPA,

Residual stress, tibers, modulus gradient.

Introduction

Transmission electron microscopy of carbon fibers reveals an undulating ribbon micro-
structure with high axtal aliprrent of the ribkbons near the surface and a lower alignment
toward the tiber's center because of hivher anplitude ribbon undelations. feds Dt (Fip~
ure 1.)  This change in the amplitude/wavelength ratio of the ribbons results in a modu-
lus gradient within the fiber with the surface layers baving a hipher modulus and the
core raterial a lower modulus, The variation in axial preterred orfentation also re-
sults in a gradient in the coctficient of thermal expansion across the fiber's transverse
section. '™ Sivce the CIE or the basal plane is lower than that transverse to the basal
plane, it is expected that the tiber's interior, having o larper component of the trans-
verse pruperties, has a hipher CIE. The varving CTE places the restrained interior iuto
tension and the outer Javers under compression upon cooliny from processing temperatures,
This compressive stress ot Lhu’murfJCc may aceount for the insensitiveness of carbon
fibers te surface flaws. > 77 During cooling from processing temperatures, radial
and hoop residual stresses also develop within carbon fibers due to transverse preicrred

orientacion in these tibers. " lhese residual stresses can vause cracks to develop par-
aliel te the fiber axis which degrades fiber streneth.”

This paper will discuss . rious techniques developed to characterize microproperties and

to determine the axial residual stress in carbon fibers.

wrdmental Techniques

The surface layers of carbon fibers were successively removed by gaseous oxidation, wet
ovidation, or fon milling. For air oxidation, the fibers were cleaned with HC:, then
dried and placed into a furnace at 650°C. Wer oxidation was carricd out by placing the
fibers in a solution of 500m. concentrated I 50,, 450mr of concentrated HNO with Sam
ot dissolved sodium dichromate at 65°C.  Fibers to be ion thinned were mounted onto a
netal washer which was fastened to the stage of the sputtering apparatus. The staye
rotated butween two opposcd sputtering guns operating at 6000v and 50.a which permitted
cure unitorm sputtering of the fibers. The fibers in all three cases were thinned to
different reduced diameters by varying the lenpths of furnace or sputtering tive,

Fiber strain and diameter measurements were made with efther an optical or with a scan-
nin., electron microscope. A square reference grid was photopraphed with the fiber when
using SEM o corrcct ftor asynnetrical distortfon and to reduce raynification errvors
Soth, the stittoes: and the tracture load ot carbon Lilers were peasured with

a fiber tensile tester, Fibers (2,5em paupe length) were mounted irndividually and a
seynent of the fiber was saved tor diameter measurement. A compliance correction fer
the tensile testoer was used in the modutus determinations.

A technique was developed to measure contraction of fiber sepments less than 0.5em in
lenpth. A reference tiber was mounted straight and a specimen fiber was mounted in a
circular are on a washer as shown fn Figure 2., Both fibers were then sputtered and the
contraction of the specimen fiber was measured, Figure 2b.  As compressive surface layers
were removed during sputtering, the fiber shrank,  The strafght teterence fiber naturally
rewvained statlonary; however, the arced fiber drew away from the reference fiber as the
arced fiber contracted.  The measurement of separation distance between the reference
fiber and the arced tiber was an Indirect measareeent of the residual stress ot the
specimen fiber.  The caleulation 4s shown in pendix 1.

*how with DB, Last Fishkitl, New York, U.s.a.
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Results and Discussion
A) Evidence of Axial Residual Stress and Its Origin

Commercially available carbon fibers in free state are straight and residual
stresses within the fibers must be balanced,  But if the surface Jayer on just one side
of a fiber is don milled away, the stresses within the straiyht tiber will no longer be
balanced; the moment that fs created will cause the fiber to curl and sceek g state where
the net moment is apdin zero. When ovuter layers of one side orf a carbon fiber were
sputterad oft, the tiber curled in the dircecrion of the ion gun indicating that the
surface layers were under compression,

The origin of residual stresses Is postulated to predominantly arise from the trans-
verse pradient {n the axial CTE of the fiber and arises durfng the cooling from final
processing temperature.  This hypothesis was supported in the following experiment.
Curled fibers, which huad been produced by sputtering away one side only of a fiber, were
heated and observed to partially straighten. 10 the curl was due to differential con-
tracticn produced on cooling from the graphitization tenperature, the differential strain
within the fibers upon heating should decrease which would resclt in a straightening of
the curled ribers.

B) Modulus and Strengeh Gradient

Both the modulus und the strength of HMS fibers decreased after the outer layers of
these fibers were removed.,  (Figure 3.)  Because of experimental difficulties, modulus
and strensth at the center of Hercules HMS fibers are unknown., As the fibers were re-
duced in diameger, handling of these delicate fibers became o difficult problem. Stan-
dard tensile tests were unreliable for fibers with diamcters less than 4 microns due to
the low fracture load of the fibers. For each batch of tibers tested, a distribution in
diameter, modulus, and strength was measured. CGenerally smaller dlameter fibers within
a batch tend to possess higher strength and modulus while larger diamcter fibers have
lower modulus and streneth,

1) Modulus Gradient

The form of the equation for describing the modulus was selected by requiring
that the nmodulus be continuous, smooth, emit an unique derivative (r = 0), and be con-
sistent with microstructural observations. From these assumptions, a best fitting
fourth power function, Y(r), was calculated by regression analysis using all the indi-
vidual points. The function Y(r) is the average modulus (CPA) of reduced area HMS tibers
with radius r measured in microns,

Y(r) = 166 + ,929r" (1)
1f a weighted regression analysis, using the group average, is used:
Y(r) = 129 + 1.15¢" 2)

The difference between the two equations is caused by the magpnificd effect ot outlyving
points when the individual points are used. Althouph the proup averape repression
constants yive a better visual fit when the group averave peints, the individaal point
regression constants were used in later calculations to more accurately describe the
raw data.

From the average modulus function Y(r), the local modulus E(r) at radfus r, can
be calculated (Flgure 4) by:
dv(r)

E(r) = Y(r) + 5 % (3
2 dr
The calculated modulus {s hipgh at the surface of HMS fibers and then decreases quickly

for the less aligned material toward the center of the fiter,

The origin of the modulus gradient probably relates to retaxation during the
fnitial stabflizatlon staye of carbon fiber processing (of the oryented PAN precurson
fiber)., Hiphly aligned molecules produced during streteching of the precurser resaln
aligned only at the suvface because of rapld cyclization.  However, molecules near the
center of the tiber stabflize more slowly due to o decreased oxvpeen concentration and
are more apt to relax and subscequently fore a mote poortly (i fpned stoactute ot the Inte-
rior of carbon fiber, The aliynoent at the surtace is retained throopeh the corbonfzat fon
process te produce high modulus at the surtace of the carbon tiler owhille the morg
poorly aligned interior resalts in lower rodalus,

!
|
|




5 ;o 2) Strength of Oxidized Fibers

3
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[ When the compressive surface layers of carbon fibers were¢ removed, the average
; strength of these fibers decreased. Since the high surface compressive stress was re-

l moved, the mechanism which helps to reduce the initiation and propapation of flaws at the h
t surface is no longer present. This supports the thesis that compressive residual stress
i strengthens HMS carbon fibers. The sharp reduction of measured strenpth would indicate
that the magnitude of residual stress within carbon fibers is high or the outer part of
the fiber is the hiphest strength portion of the fiber.
4
3) Strain Gradient |
‘ The contraction measurement of carbon fibers proved difficult. Contractions
are small and fon sputtering data showed variations among measurcments., Measured con- |
tractions, e{r), are the equilibrium rest positions of a fiber atter surface lavers
greater than distance r from the center of the fiber have been removed., The contrac-
tions, e(r), are different from the local strains, e(r), of materfal at distance r from \
the axis of the fiber. By considering the balance of forces, the measured contractions,
e(r), can be transformed fnto local strains, e(r), with:
S5 rE(r)de !
de(r) o .
elr) = e(n) + dr rk(r) @ !
A fourth order polynomial was used to fit the data with the following function
resulting: -
e(r) = =.01145 + 1.16*10 “r2 + 4.44*10 ¢t (5) |
From the approximate function e(r), the local strain profiles, «(r), within carbon
fibers were calculated. (Fipure 4.) l
4) Residual Stress CGradient i
Once the local modulus, E(r), and the local residual strain, ¢(r), have been :
established, the resfdual stress within carbon fibers {s the product of modulus and !
strain at each location within the tiber (Fiyure 4). \
The calculated compressive stress at the surface {s very high, Althouyh the !
actual magnitude of the residual stress may be significantly in error because of the |
strain measurements*, especially near the fiber surface, the fibers do appear to have
sufficiently high residual stresses to affect fiber strenyth.
i 1
5) Consequences on Fiber Properties
While high surface compression minimizes the effect of surface flaws,!Y the | r
high axial tensile stress in the interfor may decrease strength by causing fracture to
inftiate at flaws in the interfor rather than at the surface. similarly, the high axial
compressive stressed outer layers of a fiber mav {nftiate buckliny when the {iber is !
compressively loaded. Hodifications of the residual stress pattern might allow in- 4
creased tensile and/or compressive strengths to be obtafned in hiph wodulus carbon fi-
bers. A modulus gradient also exists within carbon fibers, The modulus of the surface ]
layers {s about twice the average fiber modulus while the interior modulus 1s only about :
onc-half the average. This modulus gradient suggests that higher modulus carbon fibers |
could be produced {f the modulus at the interior of these tibers could he increased, }
i )
Conclusions ‘ '
All evidence indicates the existence of axial residual stresses in hiph modulus HMS car-
bon fibers. The curled fiber experiment, the resfstance of fibers to strength degrading
surface treatments, the contraction of fibers after the removal of their surface layers, \
and the restdual stratn pradient derived from an understanding of the internal structure
ot carbon fibers all support the conclusion that the surface layers are in axial com-
pression and the center of these tibers are in axial tension. These residual stresses J
appear to be large and should affect fiber strenpths, ' 3‘
*Critical tiber contraction measurcments will bZ'EZFfS;?;;r ﬂVF‘(ﬁd&iI256]7375&‘?1&7?’ i '
layers ot sarface reroved.,  The magnitude of the axial compresstve resfdual stress at ;
the outer surtace can then be estimated by: :
o . Favg den) l
' surface N dr
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FIG. 1 Schematic microstructure of HMS PAN carbon fiber.

FIG. 2 - Mvasurement technique of fiber contraction as a result of ion milling surface
layers away.

FIG. 3 - Average modulus and strength vs. radius after the removal of successive surface
layers.

FIG. 4 - Axiual modulus strain and stress proffles of HMS carbon fiber,

FIG. 5 - Strain determination of ion milled carbon fibers.

APPENDIX I - Calculation of Fiber Strain From Contraction Experiment.

Arced fibers are portions of circles (Fig. 5) described by: x7 + y2 - R? = 0.
The length of the arced, unetched fiber is LA - ZGARA
where dd + e -1, d
A T T and ® = gin (.-) in radius. When the ctched fiber contracts
4 ) A RA

to circle 8 the length can be calculated similarly. The fiber strain {s
20,Ry - 204R iy
AR ATA SRt Kby
1 b g LA ¢ B R
’ TTAA A

R
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